A method of calculating the angular alignment tolerance of a Porro prism laser oscillator is presented. The reduction in mode volume due to misalignment is found by a ray optical approach. An analytical expression for alignment tolerance, in terms of resonator length L, prism azimuth angle 0, rod location L 2 , and rod aperture radius a is obtained. An experiment was set up to measure the laser output reduction due to reflector tilting. Results obtained are in good agreement with the theoretical predictions.
Introduction
The Porro prism resonator, formed with two crossing Porro prism end reflectors facing each other and an intracavity polarizing beam splitter as output coupler, has two major advantages. First, its output coupling ratio can be continuously tuned by varying the prism azimuth angle.' Second, it is less sensitive to misalignment compared with conventional resonators. 2 3 Due to these advantages, this type of resonator is widely used where easy adjustment of laser power during assembly or maintenance, and stability during field operation are important concerns.
In previous work, the operational characteristics of the Porro prism laser resonator, such as variable outcoupling, extinction ratio, and prelasing boundaries, have been analyzed. 1 It has been proved that this type of resonator is relatively insensitive to misalignment in one direction. 2 We have recently studied the pointing direction changes and lateral displacements of the laser beam in a Porro prism resonator due to angular misalignment 4 5 ; however, its output energy decay due to misalignment has not been studied in detail. There is, thus, a need for a theoretical model which allows laser design engineers to calculate the alignment tolerance of the Porro prism resonator.
Generally, the alignment tolerance of a resonator formed with two plane or spherical mirrors is found by calculating the field distribution in the resonator and the diffraction loss caused by misalignment. 6 -8 However, since the Porro prism resonator is not circularly symmetric, field distribution calculations are complicated.
In this paper, we use a ray optics method to analyze the effect of angular misalignment on the output reduction of the Porro prism oscillator. Analytical expressions for output decay and alignment tolerance in terms of resonator length, prism azimuth angle, rod location, and the rod radius are obtained. An experiment was set up to measure the output energies and the alignment tolerances. Results obtained are in good agreement with our theoretical predictions.
II. Model for Calculating Alignment Tolerance
In this section, the effect of misaligning an end reflector of a Porro prism laser resonator on its output is analyzed using ray optics theory. A model for alignment tolerance calculation is introduced. The alignment tolerance of a laser oscillator is generally defined as the misalignment angle leading to 50% output reduction.
The top view of a misaligned Porro prism resonator with an intracavity polarizing beam splitter as output coupler is shown in Fig. 1 . In our analysis, prism 1 is taken to be in perfect alignment while prism 2 is tilted in the horizontal (y) direction. The angle between the axis of the prism 2 and the original optical (z) axis is /3, which is positive when the axis of the Porro prism is rotated clockwise from the z axis. The apex orientations of the Porro prisms looking back from P are illustrated in Fig. 2 , where AB and CD are the apexes of the prism 1 and prism 2, respectively. Points 0 and P are the apex centers. The angle between the apex and the y axis is defined as the prism azimuth angle 0. For our laser, the azimuth angle of prism 2 is fixed at 0°, while the azimuth angle of prism 1 is varied from 00 to 900 to tune its output coupling ratio.
The mode axis of a resonator is generally defined as the central axis of the resonating modes. In the ray optics picture, this is the central axis of the bundle of oscillating stable rays. When the resonator is optimally aligned, the mode axis coincides with the z-axis, which is also the central axis of the laser rod. Assuming the apertures of the end reflectors are larger than that of the laser rod, every stable ray must be parallel to the z-axis and must have ray height within the laser rod aperture. Thus the mode area equals the rod aperture area. The ray height here is defined to be the radial distance of the ray path from the mode axis.
For the perfectly aligned Porro prism resonator we may define two apex planes, each containing the apex of one prism, making an equal angle (450) with the corresponding roofs. This is illustrated in Fig. 3 , in which I is the apex plane of prism 1 and II is the apex plane of prism 2. The intersection of these two planes (OP) defines the mode axis; this can be clearly visualized from the following argument. For a ray parallel to the mode axis incident at Porro prism 1, the ray path of the exiting ray is the mirror image of the incident path in plane I (see Fig. 3 ) due to the single-axis retroreflecting property of the Porro prism. Similarly, any incident ray parallel to the z-axis will be returned by prism 2 in a path that is the mirror image of the incident path in plane II. Careful analysis reveals that the axial distance of a given ray is not changed by reflections at the Porro prisms, while its path oscillates over a cylindrical surface coaxial with the mode axis. When prism 2 is angularly misaligned in the horizontal (y) direction, the apex planes are also tilted and no longer make equal angles with the corresponding roofs. The tilted angles are cscO (I) and cotO (II) compared with the original apex planes (see the Appendix). The intersection of the two planes becomes P'Q', which is the new mode axis. 5 As depicted in Figs. 4 and 5, the.
new mode axis passes through the laser medium along R'S', which is shifted from the rod axis RS. Since the path of every oscillating ray describes a cylindrical surface coaxial with the mode axis in the way described above, the mode volume is reduced due to the mode axis displacement. The mode area now has a radius given by the distance from the new mode axis to the nearest edge of the laser medium aperture, as illustrated in Figs. 4 and 5. Figure 6 is a spot diagram of the misaligned resonator showing the ray positions of an oscillating ray. The numbers indicate the sequence of position hopping due to reflections; the ray positions describe a circle with P'(Q') as its center. Let us denote the radial displacements of the mode axis at prism 1, both ends of the laser rod, and prism 2 by A 1 , A 2 , A 3 , and A 4 , respectively. These displacements can be expressed as (taken from our recent 
In the above expression, E(0 0 ) and E(O) are the output energies of the optimally aligned, misaligned resonators, respectively. Substituting A 3 in Eq. (1) into Eq.
(2), we get 
For the quantities 3 and in Eqs. (2) and (3), we take their absolute values. The alignment tolerance in the horizontal direction is defined as the misalignment angle that causes 50% reduction of the output energy and is denoted by 1/2-Then Eq. (3) becomes
The alignment tolerance in the horizontal direction can be expressed as For a simplified treatment, we assume the photon density distribution inside the mode volume to be uniform. The laser output energy can then be regarded as proportional to the cross section of the mode volume in the same pumping conditions. Under this assumption, the normalized output energy of a misaligned Porro prism laser oscillator can be written as
Equation (5) gives directly the alignment tolerance in the horizontal direction, which is a function of the prism azimuth angle, the resonator length, the rod diameter, and the longitudinal location of the laser rod inside the cavity. The above equation has been deduced without considering the refractive effect of the laser medium. To obtain a more precise expression, the refractive effect of the rod itself should be taken into account. In this case, A 3 in Eq.
(1) must be modified (taken from our previous paper 5 ) 
It is worth mentioning that Eqs. (5) and (8) This situation is shown in Fig. 7 , where y is the angle of misalignment in the vertical direction. We had theoretically and experimentally proved that the mode axis in this situation is always identical to the original mode axis of a perfectly aligned resonator. Misalignment in the vertical direction does not lead to any lateral displacement of the mode axis and consequently does not cause any reduction of the output energy according to our above arguments. This result is expected from the retroreflecting properties of the Porro prism.
Ill. Experimental Studies
An experiment is set up to measure the output energy reduction due to angular misalignment. micrometer screw is used to control the misalignment angle /3 in the horizontal direction. Prism 1 is angularly adjusted to 0 = 600. In the beginning, the oscillator is optimally aligned by monitoring the output pattern and energy. Then prism 2 is tuned to A = 2 min of arc and the output pulse energy is recorded. This procedure is repeated by increasing the misalignment angle 2 min of arc each time. The same experimental procedure is repeated for 0 = 30°. The results are plotted in Fig. 9 , in which the solid lines represent the theoretical calculations from Eq. (7) and the dots are the average values of the measured data. The error bars represent total data spread of measurements. The pulse energies are measured by an ILS model LEM-1-PE energy meter. The misaligned angles are measured by an angular encoder (Physik Instrumente Co.) which has an angular resolution of 1 sec of arc. A reduction in the output energy due to horizontal misalignment is seen. Obviously, energy degradation is more serious at smaller azimuth angles. Thus, the alignment tolerance of the resonator at small azimuth angles are smaller than those at larger azimuth angles. To verify our theoretical prediction on mode area reduction, we have taken the beam spots on a piece of thermal paper placed at 60 cm from the beam splitter (see Table I ). The shrinkage of mode area as a function of tilt angle is clearly seen. By comparing the normalized spot area with the normalized output energy, these two measured values are very close. This experimental result justifies our assumption that the output reduction at a fixed pumping level is proportional to the mode volume reduction. We have also examined the dependence of the resonator alignment tolerance on the laser pumping level
Ein. The results are plotted in Fig. 11 . The alignment' tolerance is found to be constant within 5% over a range of input energies from 4 to 10 J. The Nd concentration of the rod used here is 1.1%.
The alignment tolerance in the vertical (x) direction was also measured. The same experimental setup shown in Fig. 8 is used except that a stage tiltable vertically replaces the rotary stage. The same experimental procedure is repeated. The output energy is observed to fall very slowly when the vertical misalignment increases as shown in Fig. 12 , indicating that the resonator is much more stable in the vertical direction than in the horizontal direction. Figure 13 shows the measured alignment tolerance in the vertical direction vs the prism azimuth angle.
IV. Discussion and Conclusion
The misalignment sensitivity of a Porro prism laser resonator has been analyzed using the ray optics approach by a calculation of the mode volume reduction. Analytical expressions for the normalized output energy and the alignment tolerance are obtained. They predict that the laser output energy decreases as the misalignment angle A increases, and the decaying rate strongly dependes on the prism azimuth angle 0. Output reduction is much more rapid at smaller azimuth angles, showing that the Porro prism resonator is more stable at higher azimuth angles. Theory also predicts that angular alignment tolerance in the horizontal direction depends on resonator length L, rod diameter 2a, and rod location L 2 according to Eq. (5). Larger L and L 2 , and smaller a will give smaller tolerance. Small angle approximation and uniform photon density assumption has been made in our theory. However, the experimental data (Figs. 9 and 10) are in good agreement with theoretical predictions. It is clear from these results that the largest alignment tolerance occurs when 0 = 900. The dependence on the input energy was also experimentally investigated. The measured alignment tolerance (Fig. 11 ) is found to be constant within 5% over the range of pumping energies used.
When prism 2 is tilted in the vertical (x) direction, theory predicts that, due to the retroreflecting property of the Porro prisms, it does not cause output energy reduction. This is proved experimentally (see Fig.   12 ). There is a rapid drop in output energies when vertical misalignment angle (-y) exceeds 4 degrees. This happens because the incident angle at one of the roof surfaces is no longer larger than the critical angle (0) required for total internal reflection (TIR). For example, when refractive index = 1.516, the critical angle for TIR is 41.30. When the prisms are optimally aligned, the incident angle of the oscillating rays parallel to the z-axis at the roof surfaces is 45°. Therefore, when -y > 3.7°, the incident angle of the oscillating rays becomes smaller than 0,, TIR is destroyed and laser action ceases.
It should be noted that the mode axis may not exist when the line P'Q' shown in Fig. 3 falls beyond the limits defined by the finite lateral sizes of the apertures of the end reflectors and the laser rod. Consequently we can also theoretically estimate the cutoff angle of misalignment at which laser action ceases. In our case, the laser rod provides the limiting apertures. By 
